Abstract. The frequency and distribution of genetic mutations that cause deafness differ significantly according to ethnic group and region. Zhejiang is a province in the southeast of China, with an exceptional racial composition of the population caused by mass migration in ancient China. The purpose of the present study was to investigate the prevalence and spectrum of gap junction-β2 (GJB2), solute carrier family 26 (anion exchanger) member 4 (SLC26A4) and GJB3 mutations in patients with autosomal recessive non-syndromic hearing loss (ARNHL) in this area. A total of 176 unrelated pediatric patients with ARNHL were enrolled in the study. A genomic DNA sample was extracted from the peripheral blood. Polymerase chain reaction was employed, and the products were sequenced to screen for mutations in GJB2. In addition, a SNaPshot sequencing method was utilized to detect four hotspot mutations in SLC26A4 (IVS7-2A>G and c.2168A>G) and GJB3 (c.538C>T and c.547G>A). All patients were subjected to a temporal bone computed tomography scan to identify enlarged vestibular aqueducts (EVA). In total, 14 different mutations, including two new mutations (p.W44L and p.D66N) of GJB2, were detected. The most common pathogenic mutation of GJB2 was c.235delC (15.1%), followed by c.176_191del16 (1.7%), c.299_300delAT (1.7%), c.508_511dup (0.85%) and c.35delG (0.28%) of the total alleles. Mutation analysis of SLC26A4 demonstrated that 13.6% (24/176) of patients carried at least one mutant allele. The patients with EVA (84.2%) had SLC26A4 mutations, and 31% had homozygous mutations. Only one patient carried a heterozygous mutation of GJB3 (c.538C>T). Compared with the other regions of China, in the present population cohort, the prevalence and spectrum of mutations in GJB2 was unique, and in patients with EVA the frequency of a homozygous mutation in SLC26A4 was significantly lower. These findings may be of benefit in genetic counseling and risk assessment for families from this area of China.
Introduction
Sensorineural hearing loss is one of the most common birth disorders, with an incidence of ~1 in 1,000 newborns worldwide (1) . In China, there are ~30,000 newborns with congenital sensorineural hearing loss every year, and the prevalence is ~1.5 per 1,000 at birth (2, 3) . Among those with congenital sensorineural hearing impairment, half have a genetic cause and 70% of these cases with genetic hearing loss are non-syndromal (4) . The gap junction-β2 (GJB2) gene is the most prevalent gene associated with autosomal recessive non-syndromic hearing loss (ARNHL) and is responsible for almost 50% of genetic cases in numerous populations, including that of China (5, 6) . The GJB2 gene is located on chromosome 13q12 at the DFNB1 locus, encoding the connexin 26 protein, which is a transmembrane protein forming gap junction channels in cochlear cells (7) . The function of the connexins is considered to be the recycling of potassium ions to the endolymph of the cochlear duct, serving auditory signal transduction (8) (9) (10) . The malfunction of the connexins is considered to cause the accumulation of potassium ions in the endolymph and result in hair cell dysfunction (11) . At present, >150 mutations, polymorphisms and unclassified variants have been reported in GJB2 (12) . The c.35delG, c.167delT and c.235delC mutant alleles are the most frequent mutations (13) (14) (15) . GJB3, which encodes connexin 31, has been demonstrated to interact with GJB2 (16) . In the Chinese population, mutations in GJB3 have been identified to cause autosomal recessive and autosomal dominant non-syndromic hearing loss (17) (18) . Additionally, the association between mutations of GJB3 and non-syndromic hearing impairment has been detected in other populations (19) .
Following GJB2, solute carrier family 26 (anion exchanger) member 4 (SLC26A4) is the second most common gene contributing to genetic deafness. The SLC26A4 gene encodes an anion transporter transmembrane protein, pendrin, which is expressed in the thyroid, kidney and cochlea (20) . In the inner ear, pendrin is responsible for the exchange of anions, including Cl -and HCO 3 -to maintain the anion composition of endolymph (21) . The malfunction of pendrin causes an increase in endolymph volume, which leads to the degeneration of inner ear sensory cells (22) . SLC26A4 mutations lead to Pendred syndrome and ARNHL (DFNB4) with enlargement of the vestibular aqueduct (EVA) (6, 23) . It has been documented that mutations in SLC26A4 contribute to ~5% of all cases of congenital recessive hearing loss in East Asia (24) . However, in China, the incidence of SLC26A4 mutations in non-syndromic hearing impairment is 14-17% (25) (26) (27) . It has been demonstrated that the frequency and distribution of genetic mutations causing deafness differ significantly according to ethnic group and region (14, 24, (28) (29) (30) (31) . In China, GJB2 and SLC26A4 are the two most common genes responsible for genetic hearing loss (6) . However, mutations in these two genes have been identified to show a significant difference in various regions in China (15, 25) . Zhejiang is a southeastern province of China. Due to several mass migrations in ancient China, the racial composition of the population in this area may be exceptional. The aim of the present study was to investigate the frequency and spectrum of GJB2 mutations by polymerase chain reaction (PCR) sequencing, and the four hotspot mutations of SLC26A4 (IVS7-2A>G and c.2168A>G) and GJB3 (c.538C>T and c.547G>A) by SNaPshot sequencing in unrelated patients with ARNHL in Zhejiang province.
Materials and methods

Patients and samples.
A total of 176 unrelated pediatric patients with ARNHL were enrolled in the present study. The patients consisted of 82 males (46.6%) and 94 females (53.4%) aged between 9 months and 18 years old, with a mean age of 5±2.7 years. The patients originated from various regions of Zhejiang province. Each patient received careful physical examinations and a detailed clinical history was recorded. The patients with a family history of deafness, a history of aminoglycoside exposure and syndromic hearing loss were excluded from the study. All subjects underwent audiometric testing, including auditory brain-stem response tests, otoacoustic emission tests and tympanometry. The results demonstrated that all the subjects suffered from severe (71-90 dB) to profound (>90 dB) bilateral sensorineural hearing impairment. Furthermore, a computed tomography (CT) scan of the temporal bones was also performed. The diagnosis of EVA was based on the criterion that the diameter of the vestibular aqueduct is >1.5 mm at the midpoint between the common crus and the external aperture (32) . Peripheral blood samples were obtained from the patients for genomic DNA isolation.
Informed consent was obtained from the parents of the subjects, and the present study was approved by the Ethics Committee of the Second Affiliated Hospital, School of Medicine, Zhejiang University (Hangzhou, Zhejiang). The purified PCR products were sequenced using the dideoxy chain termination method on an ABI 3730XL DNA sequencer with the ABI Big Dye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems, Foster City, CA, USA), according to the manufacturer's instructions. The primers were the same as those for the PCR amplification.
Mutation analysis
GJB3 and SLC26A4 mutation detection by SNaPshot sequencing methods. The final 20 µl of PCR reaction mixture contained 1X GC buffer I, 3.0 mM Mg 2+ , 0.3 mM dNTPs, 1 unit HotStarTaq polymerase, 10 ng template DNA and 1 µM primer mixture, including four pairs of primers to amplify four mutation regions (Table I ). The PCR conditions were as follows: 95˚C for 2 min, 11 cycles of 94˚C for 20 sec, 65-0.5˚C per cycle for 40 sec and 72˚C for 90 sec, and 24 cycles of 94˚C for 20 sec, 59˚C for 30 sec, 72˚C for 90 sec and 72˚C for 2 min. For the purification of the PCR products, 5 units SAP (Promega Corporation) and 2 units exonuclease I (Epicentre) were added to 15 µl of PCR products. The mixture was incubated at 37˚C for 60 min, followed by incubation at 75˚C for 15 min.
The single base extension (SBE) was performed in a final 10 µl of reaction mixture, containing 5 µl SNaPshot Multiplex kit (Applied Biosystems), 2 µl purified multiplex PCR product and 0.8 µM extension primer mixture (Table II) . The reaction program was 96˚C for 1 min, 28 cycles of 96˚C for 10 sec, 52˚C for 5 sec, 60˚C for 30 sec and 4˚C for the rest of the program. The SBE products were then purified using SAP. For the sequence analysis, 0.5 µl purified multiplex SBE products were mixed with 0.5 µl 120 Liz Size Standard (Applied Biosystems) and 9 µl Hi-Di (Applied Biosystems), and denatured at 95˚C for 5 min. The products were then sequenced by the ABI 3730XL DNA sequencer. The data was analyzed by GeneMapper v4.1 software (Applied Biosystems).
Results
Mutation of GJB2.
Among the 176 patients, 14 different mutations were identified (Tables III and IV) . A total of 140 (79.5%) patients were identified to carry mutations. However, pathogenic mutation alleles were identified in only 69 (19.6%) out of the total 352 alleles and affected 40 (22.7%) patients. The most common pathogenic mutation was c.235delC (15.1%), followed by c.176_191del16 (1.7%), c.299_300delAT (1.7%), c.508_511dupAACG (0.85%) and c.35delG (0.28%) of the total alleles. In all 40 affected patients, 18 individuals carried homozygous mutations, 11 individuals were compound heterozygotes and 11 patients carried one heterozygous mutation. Homozygous c.235delC was the most prevalent genotype (16/40; 40%), followed by compound heterozygous c.235delC/c.176_191del16 (4/40; 10%) and heterozygous c.235delC (4/40; 10%). The c.508_511dupAACG allele was detected in three (3/40; 7.5%) patients. Two of these patients had the compound heterozygous mutation c.299_300delAT/c.508_511dupAACG. The other was heterozygous for c.508_511dupAACG. The c.35delG allele was identified in only one patient with a compound heterozygote mutation c.35delG/c.235delC. In all 176 patients, the controversial p.V37I mutation was detected in 23 alleles (6.5%) and 22 patients (12.5%). Of these 22 patients, three patients had the p.V37I mutation compounded with c.235delC, one patient was homozygous for p.V37I and one patient had the p.V37I mutation compounded with a novel mutation c.131G>T (p.W44L). The other novel mutation that was detected in 176 patients was c.196G>A (p.D66N). The patients carried the p.D66N mutation without any other mutations in GJB2.
Mutation of GJB3 and SLC26A4. Four mutations, c.538C>T and c.547G>A of the GJB3 gene and IVS7-2A>G and c.2168A>G of the SLC26A4 gene, were detected by the SNaPshot sequencing method (Table V) . The mutations of GJB3 were identified in only one patient who carried heterozygous c.538C>T and had no pathogenic mutation in SLC26A4 and GJB2. The mutations in SLC26A4 were detected in 24 (13.6%) patients and 32 (9.1%) alleles. The mutation IVS7-2A>G was more common than c.2168A>G in the cohort. Two patients carried compound heterozygous IVS7-2A>G/c.2168A>G mutations. Similarly, the patients who carried the mutation in SLC26A4 had no pathogenic mutation in GJB2 and GJB3.
CT scans. A total of 19 (19/176; 10.8%) patients with EVA were identified by temporal bone CT scans. Among them, three patients had EVA with Mondini dysplasia. The mutation in SLC26A4 was detected in 16 (16/19; 84.2%) patients, however, only six individuals had a biallelic mutation in SLC26A4 (five homozygous IVS7-2A>G and one homozygous c.2168A>G). In the other 10 patients with only one mutant allele, nine patients had one mutant IVS7-2A>G allele and one patient had one mutant c.2168A>G allele. Among the other three patients with EVA, one patient carried heterozygous c.235delC in GJB2. However, eight patients with the mutation in SLC26A4 had no EVA or inner ear malformation and two of them carried compound heterozygous IVS7-2A>G/c.2168A>G mutations. 
Discussion
Zhejiang is a province in the southeast of China (Fig. 1) and is one of the most developed areas. The racial composition of the population in this area may be exceptional compared with other regions of China. In ancient China, there were several mass migrations (300-1300 AD). The south area of the Yangtse River, including Zhejiang province, was a common destination. Particularly in the Song Dynasty (~1300 AD), due to war, almost the whole population of the Dynasty migrated from the north of China to the area of Zhejiang province; this is recorded as the largest migration in Chinese history.
However, in this exceptional population, the prevalence and spectrum of ARNHL-related gene mutations have not been well documented. In the present study, the patients were from 11 different areas of Zhejiang, covering all regions of the province. To identify the mutations in GJB2, the two exons were sequenced. The results demonstrated that 22.7% of patients carried a confirmed pathogenic mutation. c.235delC was the most common pathogenic mutation, accounting for 76.8% of all pathogenic mutant GJB2 alleles. The c.35delC mutation, which is the most common mutation in Caucasians, was only detected in one patient (13) . In addition, c.167delT, the most common mutation in Ashkenazi Jews (14), was not identified in the present patient cohort. These results were similar to those previously reported (6, 15, 27) . The c.299_300delAT and the c.176_191del16 mutant alleles are the second most common mutations in the Chinese population (6, 15) . However, the prevalence of the c.299_300delAT allele and the c.176_191del16 allele is markedly different according to the region. In a study by Dai et al, a total of 23 provinces were included to investigate the GJB2 mutation spectrum. The incidence of the c.299_300delAT allele in Guangxi and Hubei was zero, however, in Qinghai, it was 46.2% of the total mutant alleles (15) . Similarly, the c.176_191del16 allele was not detected in approximately half of those provinces, and the highest prevalence was 14.5% of all mutant alleles in Jiangsu.
In the present cohort, the incidence of c.299_300delAT and c.176_191del16 in all detected pathogenic alleles was 8.7% for each, respectively, which was also markedly different from other studies investigating GJB2 mutations in other provinces of China (6, 33) . Following these three common GJB2 mutations, the fourth most common GJB2 mutation in the present population cohort was c.508_511dupAACG. Although the c.508_511dupAACG mutation is not listed on the website of the GJB2 mutation database (12) , it was first reported by Wu et al and was recognized as a pathogenic mutation (34) .
In the present study, the incidence of the c.508_511dupAACG mutation was 4.3% of all pathogenic GJB2 mutant alleles. However, in other studies identifying GJB2 mutations in the Chinese population, this mutation was not detected, although the numbers of involved individuals were larger than in the present cohort (6, 15, 33) . While certain studies detected the c.508_511dupAACG allele of GJB2 in the Chinese population, the incidence was <1% of all mutant alleles (35, 36) . Furthermore, 62 patients were found to carry the p.V27I and p.E114G alleles together, which was recorded as a pathogenic mutation in the GJB2 mutation database. Whereas another previous study demonstrated that this compound mutation is not pathogenic (37) .
p.V37I is a controversial mutation of GJB2. It was first reported as a polymorphism of GJB2 by Kelley et al (38) . However, Bruzzone et al (39) revealed that homozygous p.V37I can result in a simple loss of channel activity. Later, certain studies indicated that p.V37I was associated with mild and moderate hearing loss (35, (40) (41) (42) . In the study by Ma et al (35) , 10.3% of the newborn infants with hearing loss (hearing threshold >35 dB nHL) were homozygous for p.V37I. By contrast, the allele frequency of p.V37I was ~4.5% in the Chinese Han population. Furthermore, 89% of the newborn infants with homozygous p.V37I had hearing thresholds of ≤65 dB nHL (35) . In the present study, the prevalence of the p.V37I allele was 6.5%, which was near that Table IV . Genotypes of patients with GJB2 mutations. of the controls reported by Ma et al (35) . Furthermore, only one patient was homozygous for p.V37I. A possible explanation is that the individuals in the present cohort had severe to profound sensorineural hearing loss. The present results supported the findings reported in previous studies (35, (40) (41) (42) .
Genotypes ---------------------------------------------------------------------------------------------------------------------
In the present study, 16.5% (29/176) of patients had two pathogenic mutant alleles in the GJB2 gene and 11 patients had only one pathogenic mutant allele. Although the percentage of patients with a single GJB2 mutation allele varies in different ethnic populations or in different regions of China, such patients occupy a significant proportion of the population (15, 27, 33, 43, 44) . The patients with ARNHL in the present study carried a single pathogenic mutant allele of GJB2, which may be ascribed to the presence of another pathogenic mutation in other regions of GJB2 or other genes that were not investigated.
Two new mutations, c.131G>T (p.W44L) and c.196G>A (p.D66N), of GJB2 were detected in the present cohort. W44 and D66 lie in the highly-conserved amino acid residues, which indicate that these mutations may affect the function of GJB2. Further studies are required to elucidate whether they are pathogenic mutations.
SNaPshot sequencing, a technique for detecting several mutations of different genes simultaneously in a single reaction, has been used for phylogenetic analysis and detection of numerous pathogenic mutations of human hereditary disorders (45) (46) (47) . This technique is more economic and effective than direct sequencing of the gene, and more recently it was used to screen hotspot mutations of several hearing loss-related genes (48) . In the present study, this technique was utilized to identify the spectrum of four hotspot mutations in two genes in the cohort. This included IVS7-2A>G and c.2168A>G of SLC26A4, which are the two most common mutations in the Chinese population (25, 26) , and c.538C>T and c.547G>A of GJB3, which were first identified in the Chinese population as dominant mutations and recently also detected in patients with recessive non-syndromic hearing impairment (17, 27) .
Mutation analysis of SLC26A4 demonstrated that 13.6% (24/176) of patients carried at least one mutant allele, with IVS7-2A>G being the most common mutation, and 4.5% (8/176) of individuals had two mutant alleles. The prevalence was lower than that from typical areas in the north and south of China (6). However, the total variant detection rate neared that reported in a previous study involving patients from 27 different regions of China (25) . In addition, the proportion of patients with two mutant alleles in all individuals with the SLC26A4 mutation was equal to that reported by Qu et al (27) . However, the frequency of the SLC26A4 mutation also differed geographically in China, from 3.3% in Guangxi to 26.3% in Gansu (25) . IVS7-2A>G is the most common mutation of SLC26A4 in the Chinese population, followed by c.2168A>G (6, 24, 25, 47) . The IVS7-2A>G and c.2168A>G mutations account for 73.2% of the mutant alleles (24) . In Caucasians, IVS7-2A>G is also more prevalent than c.2168A>G (50) , while in Japanese and Korean individuals, the most prevalent mutation is c.2168A>G, followed by IVS7-2A>G (51, 52) .
In the present patient cohort, 84.2% (16/19) of patients with EVA had a SLC26A4 mutation and 31% (6/19) had homozygous mutations. The high frequency of the SLC26A4 mutation in patients with EVA was also identified in previous studies of the Chinese population (6, 25, 49) . However, in those studies, the proportion of patients with two mutant alleles was 75-92% and the majority of them were homozygous IVS7-2A>G or homozygous 2168A>G (6, 25, 49) . The lower frequency of homozygous mutations in the patients with EVA in the present cohort is extraordinary, although certain studies have indicated that one mutation in SLC26A4 is common in patients with EVA (50, 53) . As other confirmed pathogenic mutations in SLC26A4 in Chinese individuals are relatively rare, additional screening of SLC26A4 in other regions may increase the proportion only mildly. By contrast, in Caucasians, only 40% of patients with EVA carry a SLC26A4 mutation and 60% of these have a biallelic mutation (54) . In Brazilian patients with EVA, only 39% carry a SLC26A4 mutation and approximately half of these carry two mutant alleles (55 (18) reported that GJB3 was also able to mediate ARNHL in the Chinese population. Previous studies have demonstrated that the expression of connexin 31 in the cochlea is partially overlapped with connexin 26 and that these two connexins are able to form heterotypic channels (6,16). Losing any two alleles of these heterotypic Table V . Genotypes of patients with SLC26A4 mutations or GJB3 mutations. connexins may result in hearing impairment (16) . Certain studies have confirmed that the digenic form of GJB2 and GJB3 may cause ARNHL (6, 16) . In the present patient cohort, no individual carried both the GJB2 and GJB3 mutations. The reason may be that only hotspot mutations in GJB3 (c.538C>T and c.547G>A) were investigated. Although these two mutations were originally identified in patients with dominant non-syndromic hearing loss, previous studies also detected them in a patient with ARNHL (27) . Additionally, in the present patient cohort, one patient carried the heterozygous c.538C>T mutation, although the parents had normal hearing. Blood samples from the parents were not, however, obtained. It is possible that the c.538C>T mutation occurred only in the patient and resulted in congenital hearing loss.
Affected patients, n --------------------------------------------------------------------------------------------------------------------------------
In conclusion, the present study identified the prevalence and spectrum of GJB2, SLC26A4 and GJB3 mutations in ARNHL patients from a southeastern province of China. Compared with other regions of China, this population cohort demonstrates a unique spectrum of mutations in the GJB2 gene and a different prevalence of SLC26A4 mutations in patients with EVA. The present findings may be of benefit in genetic counseling and risk assessment for families from the Zhejiang province of China. Further studies screening whole coding regions of SLC26A4, GJB3 and other genes are required in order to improve our understanding of the genotype in ARNHL patients from Zhejiang.
